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Noninvasive Assessment of Hemodynamic Stress
Distribution after Indirect Revascularization for Pediatric

Moyamoya Vasculopathy
X D. Tortora, X M. Severino, X M. Pacetti, X G. Morana, X M.M. Mancardi, X V. Capra, X A. Cama, X M. Pavanello, and X A. Rossi

ABSTRACT

BACKGROUND AND PURPOSE: Indirect revascularization surgery is an effective treatment in children with Moyamoya vasculopathy. In
the present study, we hypothesized that DSC-PWI may reliably assess the evolution of CBF-related parameters after revascularization
surgery, monitoring the outcome of surgical pediatric patients with Moyamoya vasculopathy. Thus, we aimed to evaluate differences in
DSC-PWI parameters, including the hemodynamic stress distribution, in surgical and nonsurgical children with Moyamoya vasculopathy
and to correlate them with long-term postoperative outcome.

MATERIALS AND METHODS: Pre- and postoperative DSC parameters of 28 patients (16 females; mean age, 5.5 � 4.8 years) treated with
indirect revascularization were compared with those obtained at 2 time points in 10 nonsurgical patients (6 females; mean age, 6.9 � 4.7
years). We calculated 4 normalized CBF-related parameters and their percentage variance: mean normalized CBF of the MCA territory,
mean normalized CBF of the proximal MCA territory, mean normalized CBF of cortical the MCA territory, and hemodynamic stress
distribution. The relationship between perfusion parameters and postoperative outcomes (poor, fair, good, excellent) was explored using
1-way analysis of covariance (P � .05).

RESULTS: A significant decrease of the mean normalized CBF of the proximal MCA territory and hemodynamic stress distribution and an
increase of the mean normalized CBF of the cortical MCA territory were observed after revascularization surgery (P � .001). No variations
were observed in nonsurgical children. Postoperative hemodynamic stress distribution and its percentage change were significantly
different in outcome groups (P � .001).

CONCLUSIONS: DSC-PWI indices show postoperative hemodynamic changes that correlate with clinical outcome after revasculariza-
tion surgery in children with Moyamoya disease.

ABBREVIATIONS: central nCBF � mean nCBF of the proximal MCA territory; cortical nCBF� mean nCBF of cortical MCA territory; EDAMS � encephalo-duro-
arterio-myosynangiosis; EEG � electroencephalography; hdSD � hemodynamic stress distribution; IQ � intelligence quotient; mean nCBF � mean nCBF of all MCA
territories; MM � Moyamoya vasculopathy; nCBF � normalized CBF

Moyamoya vasculopathy (MM) is characterized by progres-

sive occlusion of the supraclinoidal internal carotid artery

with development of leptomeningeal collaterals. Stenosis of the

proximal part of the anterior, middle, and posterior cerebral ar-

teries may be associated.1,2 These vascular changes result from a

wide range of genetic and environmental triggers, either idio-

pathic (Moyamoya disease) or associated with systemic diseases

(Moyamoya syndrome or quasi-Moyamoya disease).1,3,4 Inde-

pendent of the underlying causes, the natural history includes

occurrence of transient ischemic attacks, ischemic infarcts, or in-

tracerebral hemorrhage. Because medical treatment is not effec-

tive in preventing clinical events, patients with compromised ce-

rebral hemodynamics and/or neurologic symptoms may benefit

from surgical revascularization.1,2

Brain PWI is commonly used to estimate cerebral hemody-

namics in patients with MM, depicting regions of decreased cere-

bral perfusion and cerebrovascular reserve that can improve after

revascularization surgery. Nuclear medicine studies, including

H2[150]-PET and iodine 123 iodoamphetamine SPECT, are still

considered the criterion standard for evaluating both preopera-

tive cerebral hemodynamic impairment and postoperative perfu-

sion changes in MM.1,2,5 On the other hand, several studies have
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demonstrated the efficacy of dynamic susceptibility contrast PWI

to depict regions of critically reduced brain perfusion while avoid-

ing radiation exposure.6-8 Furthermore, the acetazolamide chal-

lenge test used to underpin the cerebrovascular reserve is not de-

void of potential complications.9-11 Hence, there has been an

effort to find alternative methods for evaluating cerebral hemo-

dynamics in patients with MM.12-15 In 1996, Kashiwagi et al12

proposed the ratio of mean CBF values in the lentiform nucleus

(central CBF) and cortical MCA territories (cortical CBF) as an

index of hemodynamic stress distribution (hdSD) using xenon-

enhanced CT.12 More recently, Schubert et al14 demonstrated

that hdSD could be a more robust parameter than CBF alone for

disease assessment in adults with MM. At present, no studies have

evaluated the results of indirect revascularization in children with

MM using the hdSD obtained with noninvasive PWI techniques.

Here, we hypothesized that DSC-PWI may reliably assess the

evolution of CBF-related parameters after revascularization sur-

gery and that hdSD may better correlate with the long-term neu-

rologic outcome of children with MM. To test this hypothesis, we

looked for differences of DSC perfusion parameters (including

hdSD) among surgical and nonsurgical children with MM evalu-

ated at both an early time point after surgery and last follow-up.

MATERIALS AND METHODS
Our institutional review board approved this retrospective study

and parents provided informed consent.

Subjects
We identified 45 consecutive children with MM confirmed at an-

giography who underwent brain MR imaging and MRA studies at

our institution from 2009 to 2016. Inclusion criteria were the

following: 1) the presence of DSC-PWI performed at multiple

time points, before and after the operation and/or during fol-

low-up (3 patients excluded); 2) good-quality DSC-PWI—that is,

unaffected by motion artifacts (4 patients excluded); and 3) avail-

able clinical and electroencephalography (EEG) data before and

after surgical revascularization (no patients excluded). Patients

were categorized into those who underwent indirect revascular-

ization and those without surgical treatment. The indirect revas-

cularization procedures consisted of encephalo-duro-arterio-

myosynangiosis (EDAMS), performed as previously described.16

For the group of patients who underwent EDAMS, we selected

PWI performed at 3 consecutive times points: before the opera-

tion (time point 1), 3 months after the operation (time point 2),

and at last follow-up (time point 3). In the second group of pa-

tients, we included 2 PWI studies performed at first examination

and last follow-up.

MR Perfusion Techniques
MR imaging was performed on a 1.5T scanner (Achieva; Philips

Healthcare, Best, the Netherlands) using an 8-channel head array

coil. Uncooperative patients were sedated during the examina-

tions with sevoflurane during spontaneous breathing via a face-

mask. Brain MR imaging protocol included 3D T1-weighted fast-

field echo gradient-recalled, axial FLAIR, T2-weighted, and DWI

sequences and 3D TOF MRA. PWI-DSC was performed with a

gradient-echo EPI sequence with the following parameters: TR/

TE, 2000/60 ms; flip angle, 90°; matrix, 128 � 128; FOV, 240 �

240 mm; section thickness, 5 mm; gap, 0 mm; 28 axial sections. A

series of images (10 sections, 50 images per section) was obtained

before, during, and after the administration of contrast agent

(gadoterate meglumine, 0.5-mmol/mL, 0.2 mL/kg of body weight

at 3 mL/s) using a power injector (Spectris MR injector; MedRad,

Indianola, Pennsylvania), followed by a 30-mL bolus of saline

administered at the same injection rate. Perfusion CBF maps were

computed after eliminating the effect of contrast agent recircula-

tion using a �-variate curve-fitting via commercially available

postprocessing software (IB Neuro, Version 2.0; Imaging Biomet-

rics, Elm Grove, Wisconsin).17

Perfusion Imaging Analysis
The perfusion analysis was independently performed for each

hemisphere at each time point. Because the revascularization pro-

cedures were performed in all patients in the MCA territory, the

quantitative analysis of perfusion was restricted to this area. In

addition, the nontreated hemispheres of patients who underwent

unilateral revascularization were excluded from the analysis of

nonsurgical hemispheres because it was demonstrated that these

may benefit from surgery performed on the contralateral brain.18

For the quantitative analysis, CBF maps were registered to the

Montreal Neurological Institute space through a linear registra-

tion process using the FMRIB Linear Image Registration Tool

(FLIRT; http://www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT).19 An at-

las-based segmentation of the MCA, linearly registered in the

Montreal Neurological Institute space, was performed for each

brain hemisphere, dividing the MCA territory into 3 VOIs: the

proximal, the middle, and the distal portions.20 Subsequently, an

additional VOI, including the white and gray matter of both cer-

ebellar hemispheres, was manually drawn for normalization be-

cause Moyamoya vasculopathy typically spares cerebellar arteries

(On-line Fig 1). The fslmeants function of FSL (http://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/Fslutils) was finally used to calculate

the mean CBF of each VOI. The normalized CBF (nCBF) values

were calculated as the ratio of mean CBF values of each MCA VOI

to the mean CBF values of the cerebellum.

Four CBF-related parameters were calculated at rest in surgical and

nonsurgical hemispheres: 1) mean nCBF of all MCA territories (mean

nCBF);2)meannCBFoftheproximalMCAterritory(centralnCBF);3)

mean nCBF of the cortical MCA territory (cortical nCBF), considering

both middle and distal MCA portions; and 4) the hemodynamic stress

distribution, defined as the ratio of mean CBF in the central versus cor-

tical regions (central nCBF/cortical nCBF).12 Finally, we calculated the

percentage variance of all CBF-related parameters between the selected

MR imaging time points. In surgical patients, the percentage variance of

allCBF-relatedparametersbetweentimepoints1and2correspondedto

an “early percentage variance,” while the percentage variance between

time points 1 and 3 was considered a “late percentage variance.”

Clinical Outcome
The neurologic outcome in the 28 surgical patients was evaluated

on the basis of the following: 1) resolution or improvement of

neurologic symptoms, 2) absence of new ischemic events (tran-

sient ischemic attack and/or stroke), 3) stability or improvement

of the global intelligence quotient (IQ) score at neuropsycholog-
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ical evaluations, and 4) resolution or improvement of EEG abnor-

malities. Patients were assigned to 1 of the following 4 categories

by the same blinded neurologist at the last outpatient visit: 4,

excellent (preoperative symptoms totally gone without fixed neu-

rologic deficits and EEG abnormalities and improved global IQ

score); 3, good (symptoms totally gone with persistent EEG ab-

normalities and stable or improved global IQ score); 2, fair (per-

sistent symptoms and EEG abnormalities but with decreased fre-

quency and stable or decreased global IQ score); and 1, poor

(unchanged or worsened symptoms and EEG abnormalities and

decreased global IQ score).7

Statistical Analysis
A paired t test was used to compare the mean CBF-related param-

eters evaluated by DSC between the first and the last MR imaging

time points. A 1-way analysis of covariance was used to test sta-

tistically significant differences of CBF-related parameters be-

tween surgical and nonsurgical hemispheres controlling for age,

sex, side of revascularization, and time interval between MR im-

aging examinations.

The Jonckheere-Terpstra test was used to test trends in CBF-

related parameters evaluated both in the earlier and later stages

after the operation, with outcome categories. Perfusion parame-

FIG 1. Representative T2-weighted images (A and D), DSC-CBF (B and E), and noncontrast MR angiography (C and F) of pre- (A–C) and postoperative
(D–F) images in a 10-year-old patient with left Moyamoya disease (asterisk) treated with surgical indirect revascularization (EDAMS) (white arrow). The
empty arrow indicates the left frontal region with reduced CBF values before the operation (B). DSC-PWI acquired 36 months after left EDAMS shows
an improvement in CBF in the left frontal lobe (empty arrow, E). Arrowheads indicate preoperative hyperperfusion of the proximal MCA region (B) that
returns to normal at postoperative PWI (E). The color scale unit of the CBF map is mL/100 mg/min.

Table 1: Comparison of CBF-related parameters between 2 time points in surgical and nonsurgical brain hemispheres

Index

Surgical Nonsurgical

Before Operation Last Follow-Up % Variance Pa First MRI Last Follow-Up % Variance Pa

Central nCBF (mean) 1.806 � 1.001 1.107 � 0.835 �33.8% �.001b 1.820 � 0.916 1.856 � 0.863 10% .732
Cortical nCBF (mean) 1.224 � 0.693 2.811 � 2.298 152.1% �.001b 1.328 � 0.663 1.363 � 0.612 12.1% .627
Mean nCBF 1.515 � 0.814 1.959 � 1.474 47.4% .081 1.574 � 0.777 1.610 � 0.725 11% .765
hdSD (mean) 1.515 � 0.364 0.454 � 0.239 �68.8% �.001b 1.359 � 0.233 1.342 � 0.241 �1.2% .117

a Significance level of paired t test analysis used to compare CBF-related parameters at 2 time points.
b Significant.
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ters that survived the latter test were considered independent vari-

ables of a 1-way analysis of covariance to evaluate the relationship

with clinical outcome (dependent variable); results of this analysis

were corrected for confounding effects of age, sex, and duration of

clinical follow-up. Moreover, estimated marginal means of the

selected perfusion parameters were used to obtain Sidak-cor-

rected post hoc comparisons. Statistical analysis was performed

using commercially available software (SPSS, Version 21.0 for

Windows; IBM, Armonk, New York), and a significant P value

was set at .05.

RESULTS
Patients
Thirty-eight of 45 patients with MM satisfied the inclusion crite-

ria (18 females; mean age at clinical onset, 6 � 1.8 years; range, 6

months to 16.3 years). The first group was composed of 28 chil-

dren who underwent indirect revascularization (16 females; mean

age at clinical onset, 5.5 � 4.8 years; range, 6 months to 10 years).

Bilateral revascularization was performed in 10, and unilateral

revascularization, in 18 patients. The second group included 10

patients with bilateral MM who did not undergo surgical synan-

giosis (6 females; mean age at clinical onset, 6.9 � 4.7 years; range,

1–14 years). Thus, 38 surgical hemispheres (ie, 20 from bilateral

surgery and 18 from unilateral surgery) and 20 nonsurgical hemi-

spheres were included in the study. Overall, we analyzed 84 DSC-

PWIs for surgical patients (28 performed at each time point) and

20 DSC-PWIs for nonsurgical patients (10 performed at each time

point). In the first patient group, the mean period between pre-

operative PWI and the operation (time point 1) was 4.5 days

(range, 1–15 days). The mean period between the operation and

the first postoperative PWI (time point 2) was 3.1 � 0.5 months

(range, 2.6 –3.6 months), and the mean period between the oper-

ation and the last postoperative PWI (time point 3) was 38.5 � 25

months (range, 13.5– 63.5 months). No significant difference in

the interval between the first and the last MR imaging studies was

observed between the 2 groups (P � .246). On-line Table 1 sum-

marizes the clinical-radiologic data of the 38 patients, including

MRA findings.

DSC Perfusion Imaging
The mean values of CBF-related parameters evaluated by DSC-

PWI at the first MR imaging study and at the last follow-up are

reported in Table 1. In surgical hemispheres, significant reduction

of the central nCBF and a significant increase of cortical nCBF

were noticed at last follow-up (P � .001) (Fig 1 and On-line

Fig 2). Moreover, a significant reduction of the hdSD index was

observed in surgical hemispheres (P � .001). No variations of

CBF-related parameters were observed in nonsurgical hemi-

spheres (P � .05). The 1-way analysis of covariance showed a

significant effect of surgical revascularization on central nCBF

(P � .005), cortical nCBF (P � .011), the hdSD index (P � .001),

and the hdSD percentage age variation (P � .001) after control-

ling for age, sex, and the time interval between MR imaging ex-

aminations (On-line Table 2).

Relation between Perfusion MR Imaging Data and Clinical
Outcomes
At the last outpatient visit, 14/28 surgical children had an excel-

lent outcome; 7/28, a good outcome; and 7/28, a fair outcome. No

patients had a new stroke or intracranial hemorrhage during the

interval between the MR imaging studies. Table 2 shows results of

the Jonckheere-Terpstra test. A significant trend toward better

outcome was observed in patients who had lower hdSD values at

time point 2 (P � .003) and time point 3 (P � .001), higher early

(P � .001) and late (P � .001) percentage decreases in hdSD

indices, and higher early (P � .046) and late (P � .047) percentage

Table 2: Relation between CBF-related parameters and clinical outcome in surgical patients

Index Time Point

Clinical Outcome (mean)

PaFair Good Excellent
Central nCBF TP1 2.222 � 1.146 1.175 � 1.111 2.008 � 0.742 .728

TP2 2.038 � 1.123 1.049 � 0.975 1.649 � 0.694 .933
TP3 1.631 � 1.012 0.806 � 0.825 1.806 � 1.001 .813

Early % variance central nCBF TP1 vs TP2 �9.512 � 12.011 �4.185 � 16.081 �16.081 � 15.109 .090
Late % variance central nCBF TP1 vs TP3 �29.024 � 24.023 �18.371 � 32.163 �43.941 � 30.218 �.090
Cortical nCBF TP1 1.718 � 0.682 0.760 � 0.729 1.306 � 0.535 .967

TP2 2.157 � 0.951 1.178 � 0.974 2.697 � 1.623 .177
TP3 2.359 � 1.310 1.451 � 1.195 3.717 � 2.668 .098

Early % variance cortical nCBF TP1 vs TP2 21.931 � 25.817 85.478 � 65.899 113.672 � 15.733 .046b

Late % variance cortical nCBF TP1 vs TP3 30.784 � 46.941 146.324 � 119.817 197.586 � 203.151 .047b

Mean nCBF TP1 1.970 � 0.777 0.968 � 0.917 1.657 � 0.622 .626
TP2 2.097 � 0.886 1.114 � 0.967 2.173 � 1.129 .185
TP3 1.995 � 0.942 1.129 � 0.980 2.403 � 1.685 .196

Early % variance mean nCBF TP1 vs TP2 4.919 � 19.287 31.057 � 14.137 32.989 � 17.349 .168
Late % variance mean nCBF TP1 vs TP3 �1.797 � 34.718 48.936 � 62.703 63.780 � 102.328 .123
hdSD TP1 1.406 � 0.588 1.521 � 1.296 1.550 � 0.313 .989

TP2 1.073 � 0.480 0.822 � 0.179 0.694 � 0.222 .003b

TP3 0.772 � 0.323 0.515 � 0.161 0.310 � 0.056 �.001b

Early % variance hdSD TP1 vs TP2 �24.016 � 9.812 �45.013 � 11.767 �53.801 � 16.003 �.001b

Late % variance hdSD TP1 vs TP3 �44.676 � 4.101 �65.555 � 10.516 �79.054 � 6.043 �.001b

Note:—TP1 indicates time point 1, before the operation; TP2, time point 2, three months after the operation; TP3, time point 3, last follow-up after the operation; Early %
variance, percentage variance between TP1 and TP2; Late % variance, percentage variance between TP1 and TP3.
a Significance level of the Jonckheere-Terpstra test used to test whether there was a statistically significant trend between CBF-related parameters and clinical outcome
categories.
b Significant.
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increases in cortical nCBF. Of these, only hdSD at time point 2,

hdSD at time point 3, early percentage variance of hdSD, and late

percentage variance of hdSD remained significantly different in

the clinical outcome categories after covariance analysis (Fig 2 and

On-line Table 3).

DISCUSSION
In this study, we demonstrated that nCBF in the central and cor-

tical MCA territories and the hdSD index obtained with DSC-

PWI may be used to noninvasively evaluate postsurgical varia-

tions of brain perfusion in children with MM. We found a

significant reduction of central nCBF and hdSD and a significant

increase of cortical nCBF in surgical hemispheres, while no rela-

tive perfusion changes were observed in the hemispheres of non-

surgical patients with Moyamoya disease. Most interesting, hdSD

was a more robust parameter for postsurgical assessment than

central nCBF and cortical nCBF. These results confirm and ex-

pand the initial observations on xenon CT by Kashiwagi et al,12

reporting a significant reduction of the hdSD index in the surgical

hemispheres of 4 children with MM, and by Takahashi et al,13

showing postsurgical hdSD reduction in 3 adult patients who un-

derwent a bypass operation and in 1 who underwent indirect re-

vascularization. The variations of these CBF-related parameters

correspond well to the pathologic mechanisms of MM and post-

surgical hemodynamic changes. In the initial phases of the dis-

ease, collateral networks of dilated vessels at the base of the brain

attempt to compensate for the hypoperfusion of the peripheral

cortical territories. This attempt generates an abnormal arterial

pressure gradient between deep and superficial brain regions, cor-

responding to a high hdSD. After the operation, progressive su-

perficial angiogenesis and arteriogenesis at the site of indirect re-

vascularization restore an adequate cortical CBF through the

external carotid artery system, with reduction of central nCBF

related to the regression of the MM vessels in the basal ganglia.

Perfusion gradient redistribution through the newly formed

pial circulation thus determines significant reduction of the

hdSD.3,7,15,21

Most interesting, hdSD at the last MR imaging evaluation and

postoperative variations of hdSD obtained with DSC-PWI were

related to postoperative outcome after controlling for age, sex,

FIG 2. The relation between change in DSC hdSD values and clinical outcomes 3 months after revascularization (time point 2 [TP2], A) and at last
follow-up (time point 3 [TP3], B). The relation between the percentage variation of DSC hdSD and clinical outcomes 3 months after the operation
(early percentage variation, C) and at last follow-up (late percentage variation, D). Note that these perfusion indices are significantly different in
the 3 clinical outcome categories, especially when comparing excellent and good versus fair categories. The “poor” category was not included
in the graphs because no surgical patients had poor clinical outcome. Three asterisks indicate P � .001; 2 asterisks, P � .001; 1 asterisk, P � .01.
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and the duration of clinical follow-up. These perfusion indices

were significantly different in the 4 clinical outcome categories at

the last follow-up point (average, 38.5 months after the opera-

tion). Patients with a higher percentage decrease of hdSD after the

operation experienced resolution or improvement of neurologic

symptoms and EEG anomalies and improved cognitively. In

2015, Takahashi et al13demonstrated that cortical CBF after acet-

azolamide load and hdSD at rest reflected ischemic symptoms of

adult patients with MM, suggesting that these parameters could

be used as ischemic symptom markers in this vasculopathy.

Notably, we found that reduction of hdSD at 3 months after

the operation correlated with an excellent outcome at last follow-

up, thus representing a potential early postoperative prognostic

marker in pediatric patients with MM. This finding is relevant

because hdSD may provide the advantage of noninvasively iden-

tifying patients with MM at higher risk for suboptimal clinical

outcome after a revascularization operation, thereby helping se-

lect which patients require closer clinical-radiologic follow-up

and additional surgical interventions. Indeed, repeat revascular-

ization procedures are clinically effective in preventing future

ischemic events and can be safely performed in patients who are

clinically symptomatic and have inadequate collateral vessels fol-

lowing indirect procedures.22,23 Therefore, we suggest that early

hdSD variations may play a role in the selection of patients who

require further revascularization procedures.24 However, future

investigations performed on larger cohorts of surgical patients

with MM, focusing on the comparison between hdSD and cere-

brovascular reserve, are awaited to confirm this preliminary

observation.

There are some limitations to our study, including its retro-

spective design and the relatively small number of patients. More-

over, masks created for measuring CBF in the MCA territory

could include subarachnoid spaces in addition to the brain paren-

chyma. This feature can affect the CBF measurements and could

be a confounder because some patients could have more CSF

included in the mask than others. Moreover, we did not evaluate

the cerebrovascular reserve, and DSC MR imaging was not com-

pared with PET or SPECT perfusion studies because they were not

available for all patients. Considering that even surgical hemi-

spheres may have benefited from the operation performed on the

contralateral brain, another limit derives from the potential over-

estimation of the perfusion improvement in the hemispheres of

patients with bilateral revascularization. Indeed, we could not

separately estimate the direct effect of the revascularization on the

first surgical hemisphere from the indirect effect due to the sub-

sequent revascularization procedure on the contralateral hemi-

sphere. Finally, another limitation of this study was the lack of a

direct comparison of CBF-related parameters between patients

with MM and healthy controls. However, for ethical reasons, we

do not administer contrast media in patients with normal brain

MR imaging findings.

CONCLUSIONS
CBF in the central and cortical MCA territories and hdSD ob-

tained with DSC may be used to noninvasively evaluate postsur-

gical variations of brain perfusion in children with MM. Postsur-

gical hdSD variations correlate well with clinical outcome, even

when assessed shortly after the operation, thus being a promising

tool for monitoring and predictive purposes. The relative nonin-

vasiveness of PWI makes this technique better suited for studying

brain hemodynamics in the pediatric population compared with

radiation-exposing techniques. Further investigations testing the

same perfusion indices obtained with even less invasive perfusion

techniques, such as arterial spin-labeling MR perfusion, could

potentially reduce the need for contrast material administration

in these patients.

Disclosures: Mattia Pacetti—UNRELATED: Employment: Istituto Giannina Gaslini
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